Finite element method (FEM) based simulation has been carried out, and an analytic model of microcantilevers using piezoelectric excitations is proposed. The model is based on the type of the selected material and geometry of the structure. The investigations are carried out with rectangular microcantilevers using silicon as the substrate. The high frequency analytic signals are applied to the input piezoelectric electrodes, and the resultant signal generated at the output piezoelectric electrode is recorded and analyzed. The analysis of the results showed that the proposed system is capable of generating a low frequency signal. Two microcantilevers with different dimensional aspects are used, and the results verified the application of microcantilever array as a low frequency signal generator.
Introduction
In spite of several applications of MEMS based materials in almost every field of science and technology, the applications involved in the bending of the free end of microcantilever beam that is parallel to the substrate bring the platform for new microdevices as sensors [1] . A sensor is a detector that can sense a specific phenomenon like changes in temperature, mass, or surface stress [2, 3] . Microcantilevers based sensors work on the principle of converting mechanical energy that arises due to the deformation or deflection of the micromachined components into the desired read-out [4] . Thus, the cantilever is a mechanically sensitive tool that detects a specific sensing material loaded at the cantilever surface [5] . The vibration characteristics of a cantilever should be well identified in a proper design. The stretching or bending causes stiffness to the vibrating structure which results in the variation of mode shapes [6] . The role of piezoelectric material in sensor applications is significant. A piezoelectric sensor acquires a charge while being compressed and shows transducer effect between mechanical and electrical energy forms. In microcantilevers, a piezoelectric material observes some stiffness while bending due to the change in electric field [2, [7] [8] [9] . In addition to sensors, piezoelectric cantilevers can also be used as actuators [10] . Piezoelectric cantilevers can be analyzed under two actuation modes: the static and the dynamic modes. The static mode measures the bending of the cantilever beam while the dynamic mode measures the resonance of the beam [11, 12] . Different physical, chemical, and biosensing techniques had been reported by several researchers [13] [14] [15] [16] [17] .
In this regard, this paper presents a finite element model to analyze the response of piezoelectric microcantilever as a low frequency generator. A thin layer of lead zirconate titanate (PZT-4D) was integrated on a rectangular silicon substrate, and two active metallic layers of aluminium in the form of beam are mounted whose one end is kept fixed and another is free to vibrate. COMSOL, a commercial finite element analysis tool, was used to develop and design a finite element model of the microcantilever.
Mathematical Analysis
The cantilever exhibits elastic property as that of a spring; hence, a cantilever supports the equation of motion for a spring and is given by
where is the mass of the beam, is the damping constant, is the spring constant, is the displacement, / is the velocity, 2 / 2 is the acceleration, and ( ) is the forcing function.
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The natural frequency for a cantilever beam with no load is given as
For a given finite load, damping is present. Under such conditions, equation of motion becomes
where the zero on the right-hand side signifies the absence of excitation force and the value for the damping constant can be calculated as
where 1 is the mass distribution function of the beam. Thus, the first mode natural frequency becomes
In the above equation, the numerator designates the damping constant , whereas the denominator is related to the mass of the beam. Similarly, the ith mode resonance frequency [18] of the beam can be calculated as
Here, is the density of material, is the length of the beam, is the deflection angle at that instant, and and are the width and thickness of the beam, respectively.
For a rectangular beam, = 3 /12, and hence, (6) becomes 2 ∝ ( ) 4 2 12 .
Moreover, the spring constant of the cantilever is given by
where spring constant is also termed as the stiffness (resistance to bending deformation) of a cantilever beam and the value for is given by Figure 1 shows the rectangular beam under two conditions, that is, in a static position without stress and in a deflected position under some finite applied stress or pressure. Hence, from (8) , the deflection of the free end of the beam is given as where is the force perpendicular to the cantilever end, is the Young modulus of elasticity, and is the function of beam width. The deflection in beam is due to the difference in stress on the top and bottom surfaces of the cantilever beam, and this difference can be calculated using Stoney's equation given as
where is the radius of curvature of microcantilever beam due to the stress on top and bottom surfaces, ] is Poisson's ratio of the material, is the thickness of the beam, and Δ 1 and Δ 2 are stresses that act on the top and bottom surfaces of the beam [19] . The deflection of such a beam can be estimated by the following relation:
Piezoelectricity
In this section, the finite element equations for piezoelectricity theory and its numerical approximation are presented. In piezoelectricity, an electric potential gradient causes deformation. Piezoelectricity is the interaction between linear elasticity equations and electrostatic charge equations by means of electric constants [15, 16] . Let us consider a cantilever beam having a length L; then, the stress-charge form of the equations is given by
where is the strain vector, is the compliance or elasticity matrix, is the stress vector, is the piezoelectric coupling coefficient matrix, is the transpose of the piezoelectric coupling coefficient matrix, is the electric field vector, is the electric displacement vector, and is the electric permittivity matrix [17] . The stress-charge equation is significant for finite element analysis due to its involvement in the conversion of mechanical strain into electrical power. In spite of the coupling matrix, the piezoelectric model also depends on the elasticity matrix and relative permittivity equations. Elasticity matrix is required to evaluate the elastic constants to transform the ⟨100⟩ axes of the material into the axes of the substrate orientation. Elasticity is the relationship between stress and strain. Hooke's law describes the relationship between stress ( ) and strain ( ) and is given by
where is the mechanical stiffness and is the compliance. The mechanical stiffness can be designated as a single value of Young's Modulus . Hence, Hooke's law can also be written as
The elasticity matrix for isotropic materials can be expressed as
where is Young's modulus and ] is Poisson's ratio [18] .
Relative permittivity, also known as dielectric constant, is the ratio of the permittivity of a specific material to that of free space or vacuum. Permittivity is the property of a medium that affects the magnitude of force between twopoint charges.
Stress-Strain Relation
Stress-strain relationship indicates the material property at a specific point on the system in any orientation. The material is generally isotropic as the properties of a material are stable in every plane [20] . However, there are some materials whose properties are orientation dependent and generally known as anisotropic materials. These materials follow Hooke's law. For a three-dimensional plane, the strain-stress relations for elastic materials are given by 
where the elements are given by 
11 , 22 , and 33 denote Young's modulus in the 3dimensional plane; 12 , 23 , and 13 represent the shear modulus; and ] 21 , ] 31 , and ] 32 indicate Poisson's ratio.
Compatibility Equations
Compatibility equations rely on the statement, "If a body is incessant before deformation, it should remain incessant after deformation. " Hence, there should be no fracture or break in the body due to deformation. Also, the overlapping should be avoided [19] . For three-dimensional structures, there are six compatibility equations as follows: 
The piezoelectric material also depends on other factors that are equally responsible for the successful design of a microcantilever. These factors are elasticity matrix ( ), coupling matrix ( ), and relative permittivity ( ). The piezoelectric constants used in the design are as follows: 
) .
The permittivity and the piezoelectric coupling matrices can be written as 
The coefficients shown inside the matrices of piezoelectric constants are termed as material constants [18] . 
Design Formation
The model was designed using FEM supported COMSOL Multiphysics software in piezoelectric domain solver. Two microcantilevers with different dimensions are designed on polysilicon substrate. Figure 2 shows the geometry of our device. It consists of two microbeams connected to the same base. The vertical displacement of each cantilever can be independently controlled by applying a voltage on the beam. Though each cantilever is mechanically independent, however, the output depends on the vibrations of both cantilevers. The electrostatic force produced on the microbeam is proportional to the voltage applied on the microbeams.
The dimensions and the type of material used for designing the microcantilever are shown in Table 1 , while the material properties selected are shown in Table 2 . Both cantilever beams are actuated by a piezoelectric base/anchor shaker. For low frequency generator design, the main emphasis is to produce the low resultant frequency at the output electrode. Besides the properties shown in Table 2 , the piezoelectric material also depends on some other parameters that are equally responsible for the successful design of a microcantilever. Table 3 shows the values of different material constants used during device simulation.
The electrical boundary condition was applied to stimulate the piezoelectric material. Two different analytic signals were applied to the side boundaries of a piezoelectric material and the opposite boundary of the substrate is grounded. The input frequencies are selected randomly, but care has been taken that the selected applied frequencies should be high and must satisfy (5) . The analytic signal applied to smaller cantilever is an signal = 5 sin (2 1 ) ,
where 1 is 10 MHz. The waveform is shown in Figure 3 . Similarly for longer cantilever, the applied signal is an signal = 5 cos(2 2 ) .
The applied frequency 2 is 11 MHz and is shown in Figure 4 . From these equations, it is clear that the potential is set to +5 volts for both beams.
Theoretically, the solution to find the cantilever deflection ( ) is a function of the applied voltage; that is, with the support of nonlinear differential equation, the deflection can be found out. The maximum voltage that can be applied to observe the deflection of the beam is the snap-in or collapse voltage. Above this voltage, structural defects or the cracks/fractures in the beam will take place and the cantilever may crumple, and this condition is irretrievable. The snap-in voltage can be calculated by finding the first derivative of the total potential energy.
Results and Discussions
Results are evaluated with 3D finite element simulation using COMSOL 4.3. Figure 5 shows the design of the structure after meshing. Extrafine meshing is applied on the entire Units
203 × 10 9 530 × 10 9 750 × 10 9 90 × 10 9 245 × 10 9 60 × 10 9 44 29 3.7 2.5 0.2 1.3 Aluminium 106 × 10 9 60 × 10 9 106 × 10 9 59 × 10 9 25 × 10 9 25 × 10 9 2 2 0 0 0 0 PZT-5H 126 × 10 9 800 × 10 9 840 × 10 9 0 1 2 0× 10 9 23 × 10 9 1500 10 17 0 65 233 model. The maximum element size selected is 8. The design is simulated on the computational machine with 3.6 GHz processor speed. The virtual memory used while simulation is 2.9 GB. Extremely fine meshing is not selected to avoid the computational load. Time dependent settings is selected for simulating the model the study of the simulated model. For smooth outcomes of the results, the model is simulated for the time period 0 to 1 s. The schematic of a simulated device as low frequency generator is shown in Figure 6 .
The output generated waveform due to input analytic signals is shown in Figure 7 . This shows the deformation of the tip of the free end of the beam. Due to deformation, the tips of the beam touch the piezoelectric material which in turn generates the resultant frequency due to vibratory movements of both beams. The frequency versus voltage graph indicates that there is a change in displacement of the free end of the microcantilever beam, and hence the resultant plot shows the one complete cycle of the sinusoidal waveform in almost 117 KHz that comes under the low frequency (LF) region of electromagnetic spectrum. Figure 8 shows the plot for the total displacement with respect to the frequency. The graph clearly shows that the beam gets displaced from its mean position (static state) to the extreme position and slowly returns back to its mean position. However, number of vibrations depends on the time dependent settings of the model. Figure 9 illustrates the graph for the mean stress taken at the microscale at a particular location in a model. This plot shows that the mean or average stress on the beam changes in accordance with the instantaneous position of the free end of the beams. Hence, this plot shows the mean stress levels at different time intervals. From the analysis, it is clear that higher values of mean stress at the microlevel are generated in different locations of the macrostructure.
Conclusion
In this work, the geometrical dimensions of piezoelectric microcantilever are analyzed using finite element analysis technique to obtain optimal performance as a low frequency generator. The aim of this work was to obtain the beat frequency (favourably a low frequency signal) using two different high frequency signals as inputs. The results obtained validate that the low frequency has been generated. However, the waveform is not an ideal sinusoidal signal but is little distorted. The distortion may be there due to some boundary and scattering losses. Our future work will be to reduce these losses and to generate optimum beat frequency. 
